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(t) = e1(t) + θe2(t)e2(t) =
Kp
Km
φ
T
(t)ξ(t) + φe2(t)e2(t) + ve(t) 
 φe2(t) = θe2(t)−Kp/Km   
 !"# 
  $%  
	
V (t) =
Kp
Km
φ
T
(t)Γ−1γ φ(t)
2
+
γe2φe2
2(t)
2

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V˙ (t) ≤ − 1
α2m
(σmin
∥∥∥φT∥∥∥
∞
∥∥φ∥∥∞ − σmax ∥∥∥φT∥∥∥∞
∥∥∥θ∗∥∥∥
∞
+ 
2(t)− ‖ve‖∞ |
(t)|)  

σmax = max
(
Kp
Kma2m
Γ−1γ Γσ
)
)

σmin = min
(
Kp
Kma2m
Γ−1γ Γσ
)

 σmax, σmax ∈ R #  $ 
V˙ (t) ≤ 0 ∀ ∥∥φ∥∥∞ > ∥∥∥θ∗∥∥∥∞ + ‖ve‖∞σmin , |
(t)| > ‖ve‖∞ + σmaxθ∗ *
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  ∫ t2
t1
V˙ (t)dt = V (t1)− V (t2) = −
∫ t2
t1

2(t)dt
m2(t)
+
∫ t2
t1

(t)ve(t)dt
m2(t)
−
∫ t2
t1
Kp
Km
φ
T
(t)Γ−1γ Γσθ(t)dt
+
,
	 ∥∥∥ve

m
∥∥∥
∞
≤ ‖ve‖∞ (
∥∥φ∥∥∞ + ‖ve‖∞ + ∥∥φe2∥∥∞ (∥∥φ∥∥∞ + ‖Wmo‖1 ∥∥φ∥∥∞)) ≤ c3 &
( ∫ t2
t1

2(t)dt
m2(t)
≤ c1 + c2
∫ t2
t1
1
m(t)
 '
 ∥∥∥φ˙∥∥∥ < c3 |e1(t)|
m(t)
+ c4  -
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ξ˙(t) = Aξξ(t) + bξ(φ
T
(t)ω(t) + r(t)) + vξ(t)  ( 
 ξ 
#	    
   
 vξ(t) ∈  ∞ #  
,  r(t) ∈  ∞
#  - .	 φ(t) # 	
  
  
     

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 W (t) = −ξTP ξ  P  Q  	
0 
 ﬁ 
 2 ATξ P+P Aξ =
−Q 3
#	* 
 2
W˙ (t) ≤ − ∥∥ξ∥∥∞
(
λ2 − 2λ1
∥∥bξ∥∥∞
(
|φT (t)ω(t)|∥∥ξ(t)∥∥ + |r(t)|+ |vξ(t)|/
∥∥bξ∥∥∥∥ξ(t)∥∥
))
  

C1 : 
 =
λ2 − kξλ1
4λ1
∥∥bξ∥∥ 0 < kξ < λ1/λ2
C2 :
|φT (t)ω(t)|∥∥ξ(t)∥∥ ≤ 

C3 :
∥∥ξ(t)∥∥ ≥ ∥∥bξ∥∥ ‖r(t)‖∞ + ‖vξ(t)‖∞∥∥bξ∥∥ 

)  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	 2   C1  C3  


∃ c5 ∈ R+ : W˙ (t) ≤ −c5W (t)    
4   C1 5 C3  	 

 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∃ c6 ∈ R+ : W˙ (t) ≤ c6W (t)  6 
&   
	 
  ξ /∈  ∞ /
 	 2- ai ∈ R+ i ∈ N 
 2
|ξ(ti)| = ai | ξ(t) ≥ ai ∀t ∈ [ti, ti + ai]  7 
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 [ti, ti + ai] 
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Ti1 :=
{

(t)
m(t)
≥ c8, t ∈ [ti, ti + ai]
}
 
Ti2 :=
{

(t)
m(t)
< c8, t ∈ [ti, ti + ai]
}
 
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μ(Ti1) ≤ c7
c28
 #
μ(Ti2) ≤ ai − c7
c28
%&

 c7 ∈ R+  '   &! 
()∫ t2
t1

2(t)dt
m2(t)
≤ c7 %"
*
	
 ' ‖m(t)‖∞ ≥
∥∥ξ(t)∥∥∞!  
(t)/m(t) < c8!  
‖φe2‖∞ [‖φ‖∞ − ‖Wmo‖1 ‖φ‖∞] + |ve(t)| < c9 %+

 c8, c9 ∈ R+! 
() '
|φT (t)ω(t)|
||ξ(t)|| < c10c8, c10 ∈ R+ %
,
-
 c10c8 = 
 
W˙ (t) ≤
{
c6W (t) t ∈ Ti1
−c5W (t) t ∈ Ti2 % 
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 ﬁ 
 	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 ti + ai! '
W (ti + ai) ≤ exp
(
−
(
c5ai − c7(c5 + c6)
c28
))
W (ti) %%
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 vp(t)" +
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 n 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   

 clim : lim
t→∞
φ2n(t)/2 = clim, clim ∈ R !$,"

 φn(t) ∈  ∞ 	
 
 r(t), vp(t) ∈  ∞  		
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∃ φ
n
: lim
t→∞
(
1
t
∫ t
0
φn(t)dt
)2
/2 =
φ
n
2
2
, φ
n
∈ R !$."
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 φ
n
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φn(t) =
1︷︸︸︷
φn (t) +
2︷︸︸︷
φn (t) +
3︷︸︸︷
φn !$0"


1︷︸︸︷
φn (t) → 0  t → ∞ 
2︷︸︸︷
φn (t)  
-    

3︷︸︸︷
φn = c, c ∈ R
/	
 
  


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
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	 
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θn(t) =
−γn
s+ σn

(t)ξn(t)
m2(t)
!$4"
  	  
  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θn =
−γn
s+ σn
(

(t)ξn(t)
m2(t)
)
!$,5"
	
 σn → 0 
−γn
s+ σn
→ −γn
s
!$,%"
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 φn(t) → 0  t → ∞   σn = 0 

 n   
  
   
 
(t) → 0  t → ∞
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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  
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  Kp/Km 
   σe2       
  φe2 ≈ 0 ! 

(t) = φ
T
(t)ξ(t) + ve(t) "#$%
  

  "#&% 
 
θn =
−γn
s+ σn
(
(φ
T
(t)ξ(t) + ve(t))ξn(t)
m2(t)
)
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  '
 	
 
  φ
T
(t)ξ  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θn ≈ −γn
s+ σn
(
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m2(t)
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yp(t) = Haxp,a(t)
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Xr,k[n+ 1] = (At + At1Δωk)Xr,k[n] + BtUr[n]
Yr,k[n] = EtXr,k[n] + FtUr[n]
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X˙a(t) = Aa(Lgf , Rgf )Xa(t) + Bu(Lgf )U(t) + Br(Lgf )r(t) + Bv(t, Rgf , Lgf ) *0.,
2-
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Xa(t) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ign
Xr,0
Xr,1
...
Xr,N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Aa(Lgf , Rgf ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−τgf 01×2 01×2 ... 01×2
−Br,0 Ar,0 02×2 ... 02×2
−Br,1 02×2 Ar,1 ... 02×2
... ... ... ... ...
−Br,N 02×2 02×2 ... Ar,N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Bu(Lgf ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
− 1
Lgf
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Br(Lgf ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−k1/Lgf
Br,0
Br,1
...
Br,N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Bv(t, Rgf , Lgf ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
i′ln(s+ τgf ) + egx/Lgf
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
U(t) =
[
k1 krq,0 krd,0 krq,1 krd,1 ... krq,N krd,N
]
Xa(t) = KcXa(t) = Vgn(t)
Y (t) = igx Ca =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Xr,k(t) =
⎡⎢⎢⎣xq,k
xd,k
⎤⎥⎥⎦ Ar,k =
⎡⎢⎢⎣ 0 ωk
−ωk −kωk
⎤⎥⎥⎦ Br,k =
⎡⎢⎢⎣0
1
⎤⎥⎥⎦
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Aa,i, Ba,u,i, Bv,u,i
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
i = 1 : Aa(L
inf
gf , R
inf
gf ), Bu(L
inf
gf ), Br(L
inf
gf ), Bv(t, L
inf
gf , R
inf
gf )
i = 2 : Aa(L
inf
gf , R
sup
gf ), Bu(L
inf
gf ), Br(L
inf
gf ), Bv(t, L
inf
gf , R
sup
gf )
i = 3 : Aa(L
sup
gf , R
inf
gf ), Bu(L
sup
gf ), Br(L
sup
gf ), Bv(t, L
sup
gf , R
inf
gf )
i = 4 : Aa(L
sup
gf , R
sup
gf ), Bu(L
sup
gf ), Br(L
sup
gf ), Bv(t, L
sup
gf , R
sup
gf )
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Bv(t)  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	 	  Y∞(t) = Ha,∞Xa(t) + Ba,∞U(t)  Y2(t) = Ha,2Xa(t) + Ba,2U(t)
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Ha,∞ = Ha,∞ = [1 0 0 ... 0] Ba,∞ = 0 &
Ha,2 = [0 h2q,0 h2d,0 h2q,1 h2d,1 ... h2q,N h2d,N ] Ba,2 = ba,2 &&
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V ′fas
Vfas
=
1
sα + 1
(
)
 α         α << 1 *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Vl = Eg− Ig(ZT +Zg)− 1
sα + 1
Vfas = Vpcc− IgZT − 1
sα + 1
Vfas = V
′
pcc−
1
sα + 1
Vfas (
-)
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X˙p(t) = Ap(Lf , Rf , α)Xp(t) + Bp,uUp(t) + Bp,vVp(t) (
0)
Yp(t) = HpXp(t) (
1)

Xp(t) = Yp(t) =
⎡⎢⎢⎣vl
ig
⎤⎥⎥⎦ Ap(Lf , Rf , α) =
⎡⎢⎢⎣−1/α 0
1/Lf −Rf/Lf
⎤⎥⎥⎦
Bp,u =
⎡⎢⎢⎣−1/α 0
0 −1/Lf
⎤⎥⎥⎦ Bp,v =
⎡⎢⎢⎣1 0
0 1
⎤⎥⎥⎦
Hp =
⎡⎢⎢⎣1 0
0 1
⎤⎥⎥⎦ Up(t) =
⎡⎢⎢⎣vfas
vfap
⎤⎥⎥⎦ Vp(t) =
⎡⎢⎢⎣ v′pcc(p+ 1/α)
il(p+Rf/Lf )
⎤⎥⎥⎦
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X˙a(t) = Aa(Lf , Rf , α)Xa(t) + Bu(Lf , α)Ua(t) + BrUr(t) + BvVa(t)  4"
Ya(t) = HaXa(t)   "

Xa(t) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Xp(t)
Xr,1(t)
Xr,2(t)
...
Xr,N(t)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Aa(Lf , Rf , α) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
A(Rf , Lf , α) 02x2 02x2 ... 02x2
−Br,1Hp Ar,1 04x2 ... 04x2
−Br,2Hp 04x2 Ar,2 ... 04x2
... ... ... ... ...
−Br,NHp 04x2 04x2 ... Ar,N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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Bu(Lf , α) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Bp,u
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Bv =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Bp,v
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Ua(t) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Up(t)
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Va(t) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Vp(t)
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Br =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Bp,uKp
Br,1
Br,2
...
Br,N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Ha =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Hp
0
0
...
0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Ua(t) =
⎡⎢⎢⎣ks1 ks2 ksr0,1 ksr0,2 ksr1,1 ksr1,2 ... ksrN,1 ksrN,2
kp1 k
p
2 k
p
r0,1 k
p
r0,2 k
p
r1,1 k
p
r1,2 ... k
p
rN,1 k
s
rN,2
⎤⎥⎥⎦Xa(t)
Kp =
⎡⎢⎢⎣ks1 ks2
kp1 k
p
2
⎤⎥⎥⎦ Ur(t) =
⎡⎢⎢⎣v∗l 0
0 ig∗
⎤⎥⎥⎦ Ua(t) = KcXa(t) +K1r(t) Ya(t) = Yp(t)
Xr,k(t) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
xfasd,k
xfasq,k
xfapd,k
xfapq,k
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Ar,k =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 ωk 0 0
−ωk −kωk 0 0
0 0 0 ωk
0 0 −ωk −kωk
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Br,k =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0
kωk 0
0 0
0 kωk
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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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Aa,i, Ba,u,i
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
i = 1 : Aa(L
inf
f , R
inf
f , α
inf ), Bu(L
inf
gf )
i = 2 : Aa(L
inf
f , R
inf
f , α
sup), Bu(L
inf
gf )
i = 3 : Aa(L
inf
f , R
sup
f , α
inf ), Bu(L
inf
gf )
i = 4 : Aa(L
inf
f , R
sup
f , α
sup), Bu(L
inf
gf )
i = 5 : Aa(L
sup
f , R
inf
f , α
inf ), Bu(L
sup
gf )
i = 6 : Aa(L
sup
f , R
inf
f , α
sup), Bu(L
sup
gf )
i = 7 : Aa(L
sup
f , R
sup
f , α
inf ), Bu(L
sup
gf )
i = 8 : Aa(L
sup
f , R
sup
f , α
sup), Bu(L
sup
gf )
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Ha,∞ = Ha,∞ =
⎡⎢⎢⎣hfasa 0 0 ... 0
hfapa 1 0 ... 0
⎤⎥⎥⎦ Ba,∞ = 0 
Ha,2 = [0 0 h
fas
2q,0 h
fas
2d,0 h
fap
2q,0 h
fap
2d,0 h
fas
2q,1 h
fas
2d,1 h
fap
2q,1 h
fap
2d,1 ... h
fas
2q,N h
fas
2d,N h
fap
2q,N h
fap
2d,N ]
Ba,2 = [b
fas
a,2 b
fap
a,2 0 0 ... 0]

 hfas2q,k, h
fas
2d,k, h
fap
2q,k, h
fap
2d,k, b
fas
a,2 , b
fap
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⎛⎜⎜⎝sI −
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φgq
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⎡⎢⎢⎣1 0
0 1
⎤⎥⎥⎦∫ t
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L−1 {AF (s, ωg)}
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t→τ
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0
L−1 {AF (s, ωg)}
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t→τ
(Lg + LT )ig(t− τ)dτ
⎞⎟⎟⎠ e−jωgt
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Δθeg(s)
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1 + sτpll
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ig(t) = i
s
g(t)e
−j(ωgt+φ) = igd(t) + jigq(t)'   !(' eg(t) = esg(t)e
−j(ωgt+θ) = egd(t)' # φ
 θ   ) # !  !( # # *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1
2
(
egd(t)igd(t)− (Rg +RT )igd(t)2 − d
dt
(
(Lg + LT )igd(t)
2
2
))
−1
2
(
Rf (ifd(t)
2 + ifq(t)
2) +
d
dt
(
Lf (ifd(t)
2 + ifq(t)
2)
2
))
−pca(t) = d
dt
(
Cvcc(t)
2
2
)
+
vcc(t)
2
Rl
= igd(t)
∫ t
0
L−1
{
1
sa+ 1
} ∣∣∣∣
t→τ
vfasd(t− τ)dt+ vfapd(t)ifd(t) + vfapq(t)ifq(t)
./01
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#  vfasd(t)igd(t) + vfapd(t)ifd(t) +
vfapq(t)ifq(t)  a << ωb−cc' # ωb−cc -  +# ! # !# # +! 
3 #  +!# #  #   ! #    ,
# !+  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'  !  ,  # !  #!# igd(t) =
Igd0+Δigd(t)  vcc(t) = Vcc0+Δvcc(t) *##  if (t) = (Igd0−Ild0+Δigd(t))+jIfq0
 Ifq0 = −Ilq0'  # # - ## 
ΔVcc(s)
ΔIgd(s)
=
1− 12LgTf Igd01
2
Egd−RgTf Igd0 s
sRlC
2
+ 1
1
2
Egd −RgTfIgd0
2Vcc0
Rl
./1
# RgTf = Rg + Rt + Rf  LgTf = Lg + LT + Lf      zp−cc # ./1 - ! 
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Q2 10/0.4μm
Q3 7/0.4μm
Q4 7/0.4μm
Q5 1/0.4μm
Q6 1.65/0.18μm
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Q8 0.5/0.18μm
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